To compensate for severe shortage of scrub nurses, we have been developing the Scrub Nurse Robot (SNR) system that is able to perform like an 'ideal' scrub nurse, if one exists. To make the SNR know which surgical instruments are being used in the operative field, we developed an automatic system of acquiring information on use of instruments by using RFID technology. Briefly, when an instrument with an RFID tag is inserted into a trocar cannula with an RFID antenna, the system identifies the instrument and also acquires the clock time of insertion. However, this simple algorithm termed 'basic' algorithm mistakes interruption of RF communication caused by use of electric knife for extraction of the instrument. To prevent such incorrect recognition, we previously reported a software-based solution characterized by an algorithm against electromagnetic interference (AAEI). The AAEI, however, delayed judgment of extraction only when an electric knife was used. In this paper, we proposed two hardwarebased solutions to ensure real-time detection of inserting and extracting all instruments including the electric knife: 1) detecting occupancy of a trocar cannula and 2) detecting conclusive proof of use of electric knife. Both methods still used the RFID-based system with the 'basic' algorithm for identification of instruments. In the former method, we used a reflective photosensor to detect presence of instrument inside a trocar cannula. In the latter one, we developed a device containing a coil to detect electromotive force induced in the coil by alternating electric currents flowing back to an indifferent electrode when the electric knife was switched on. In conclusion, the latter method was superior in realtime responsiveness.
INTRODUCTION
Scrub nurses play a very important role in surgical operations during which they help surgeons exchange surgical instruments. More concretely, they provide surgeons with various surgical instruments, gauze, and others that the surgeons use to conduct surgical procedures. However, the number of scrub nurses has fallen short of the demanded number for a long time in many countries.
To compensate for this severe and chronic shortage of scrub nurses, we proposed development of Scrub Nurse Robot (SNR) (Miyawaki et al., 2004 . The goal of this SNR project is to develop the SNR capable of acting like an 'ideal' scrub nurse, if one exists, who is able to hand a surgical instrument to an operating surgeon as soon as it is requested. For this to be possible, the scrub nurse is fully attentive to the activity in the operative field and predict accurately what a surgeon will need next (Miyawaki et al., 2004; Miyawaki et al., 2005) . We have already developed three versions of SNR Yoshimitsu et al., 2007; Ohnuma et al., 2007) . We also conducted research work related to the SNR development Petlenkov et al., 2008) .
As mentioned before, it is essential for the SNR project to achieve accurate prediction of the sequence of surgical instruments. To solve this extremely difficult problem, first of all, we paid attention to what surgical instruments a surgeon used sequentially throughout surgery and also how long each instrument was used. In this paper, this sort of intraoperative information on surgical instruments used in surgery is referred to as "surgical-instrument information". We reported an automatic system of acquiring the surgicalinstrument information in endoscopic and laparoscopic surgery (Miyawaki et al., 2009) 
Endoscopic and Laparoscopic Surgery
First of all, we explain the endoscopic and laparoscopic surgery (ELS) briefly. ELS has already been the first-choice surgical mode. In the case of laparoscopic surgery ( Fig. 1 ), three to four short skin incisions are made in the abdomen. A cylindrical tube called trocar cannula is inserted through each incision into the abdominal cavity, and left there as it penetrates the abdominal wall. Thereby, the trocar cannula functions like a tunnel through the abdominal wall. Then, an operating surgeon inserts a long surgical instrument through the trocar cannula into the operative field inside the abdomen. Thereafter, the surgeon performs some surgical procedure with the instrument while the surgeon is watching the monitor that displays the views of the operative field obtained from the laparoscope (an endoscope viewing the abdominal cavity). When the surgeon finishes the surgical procedure and wants to replace the instrument with a surgical instrument suitable for the next surgical procedure, the surgeon draws the instrument after use out of the trocar cannula and inserts the next one into the trocar cannula. Then, the surgeon starts the next surgical procedure. Thus, the trocar cannula is used as a tool that facilitates change of surgical instruments.
Automatic System of Acquiring Surgical-Instrument Information Using RFID Technology
We briefly explain the automatic system of acquiring the surgical-instrument information in ELS (Miyawaki et al., 2009) . We used the RFID technology that enables identification of individual targets and also detects close proximity of each target to an RFID reader. Namely, we developed an RFID antenna (13.56 MHz) which can be connected to the inlet of a trocar cannula, an RFID tag which can be easily attached to the shaft of a surgical instrument, and a control unit which reads the tag information and inputs /outputs signals from/to the PC (Fig. 2) .
The 'basic' algorithm of acquiring the surgical-instrument information is as follows (Fig. 3) . As the RFID-tagged instrument is being inserted into the trocar cannula with the RFID antenna, the RFID tag is getting close to the RFID antenna. At the moment when the tag enters the RF communication range (about 4 cm), this system obtains the clock time of this moment as well as identification of the instrument. This clock time is defined as insertion time for the instrument. Extraction time for the instrument is defined as the clock time of the moment when the RF communication ends.
Proposal of Software-based Solution to Prevent
Incorrect Fig. 4 Output waveforms of electric knife (a) Cutting mode, (b) Coagulation mode, (c) Blend dial 2 in the "blend" mode, (d) Blend dial 6 In the case of the generator (MS-1500), the blend dial can be set from 0 to 10. The dial 0 produces the pure cutting mode (a). As the dial number increases, the waveform becomes more pulsed (c, d). output powers of electric knife (Miyawaki et al., 2009 ). In the case of "coagulation" mode ( Fig. 4b ), which uses a pulsed alternating current, even the maximum output power of electric knife did not interrupt the RF communication.
However, in the case of "cutting" mode ( Fig. 4a ), which uses a continuous alternating current, electromagnetic interference tended to occur as the output power increased. The "blend" mode ( Fig. 4c and 4d) , in which the above-mentioned two patterns of alternating currents are mixed, tended to interrupt the RF communication as the pattern of its alternating current got closer to the continuous alternating current and the power output became larger.
When the use of electric knife interrupts the RF communication, the 'basic' algorithm recognizes falsely that the electric knife has been drawn out of the trocar cannula, although it is still being used.
Then, we proposed a software-based solution to prevent incorrect recognition caused by electromagnetic interference, and developed the algorithm against electromagnetic interference (AAEI) (Miyawaki et al., 2009) . Namely, when the 'basic' algorithm ( Fig. 3 ) detects the repeated insertion and extraction of the same instrument (including the electric knife itself) that is synchronized with use of electric knife and also that is accompanied by relatively longer intervals, the repeated insertion/extraction is regarded as false recognition caused by electromagnetic interference. Thus, AAEI judges that only the very first insertion and the very last extraction in the repeated insertion and extraction are true. In the case of the last extraction, however, AAEI does not make any decision until any instrument other than the same electric knife is inserted into the same trocar cannula, thereby causing some delay in recognition of timing of the last extraction when the electric knife is used.
Then, we developed an application program based on the AAEI, confirmed its effectiveness and also found that it was very useful to create and accumulate the database of surgicalinstrument information on a surgeon whom the SNR was supposed to assist (Miyawaki et al., 2009) . However, it is inappropriate to use the acquisition system based on AAEI as a subsystem of the SNR system, in which real-time nature is essential, because it loses the real-time responsiveness in the case of electric knife.
HARDWARE-BASED SOLUTIONS TO PREVENT INCORRECT RECOGNITION CAUSED BY ELECTROMAGNETIC INTERFERENCE
In order for the SNR to be able to recognize truly and in real time the insertion and extraction of surgical instruments while an electric knife is being used, we devised two hardwarebased methods to ensure real-time detection of insertion and extraction of all instruments including the electric knife. One method was to detect occupancy of a trocar cannula, and the other was to detect conclusive proof of use of electric knife. Both methods still used the RFID-based system with the 'basic' algorithm for identification of each instrument.
Method of Detecting Occupancy of Trocar Cannula
To detect occupancy of a trocar cannula, in other words, to detect that something is present inside a trocar cannula, we developed a device which was composed of a reflective photofiber sensor and an RFID antenna. The device was mounted on the inlet of trocar cannula (Fig. 5) . The photofiber sensor detects presence or absence of a surgical instrument in the trocar cannula. The role of the RFID system is confined to identification of surgical instruments.
The algorithm of acquiring surgical-instrument information in this 'composite' system is as follows. For convenience' sake, this algorithm is termed as 'composite' algorithm although this is almost equal to the 'basic' algorithm. When an instrument is inserted into a trocar cannula with the composite device, the tip of the instrument crosses the photosensor. Then, increase in reflection of the light emitted by the photosensor generates and sends a signal to an application program. At this moment, the program judges that an unidentified instrument is inserted into the trocar cannula and registers the clock time of this moment as the insertion time for the unidentified instrument. Then, as the instrument is being pushed deeper into the trocar cannula, an RFID tag attached to the instrument's shaft enters a range to communicate with the RFID antenna. At this moment, the application program identifies the instrument that has already activated the photosensor. After this moment, the RFID signals are being ignored as long as the photosensor is activated. This disregard prevents false recognition caused by electromagnetic interference. When the instrument is being drawn inside the trocar cannula, the RFID communication terminates first and the photosensor detects absence of the instrument after it has been completely drawn out of the trocar cannula. Like the insertion time, the extraction time is defined as the clock time when the photosensor detects absence of the instrument.
Evaluation Experiment 1
We examined whether the 'composite' system recognized the use of electric knife correctly when the electric knife was switched on and off several times, while the electric knife was being kept inside the composite trocar cannula. As shown in Table I , this system worked correctly under both "cutting" and "coagulation" modes. 
Evaluation Experiment 2
As stated earlier, the 'composite' algorithm is expected to judge extraction of an instrument slightly later than the 'basic' algorithm, although it makes a decision on insertion earlier. This is because extraction is judged by the 'composite' algorithm at the moment when the tip of an instrument comes out of the inlet of trocar cannula, whereas extraction is judged by the 'basic' algorithm at the moment when the RFID tag attached to the instrument pulls about 4cm away from the RFID antenna. At this moment, the tip of instrument is usually still inside the trocar cannula. Because the SNR must provide an operating surgeon with an instrument without any delay, it is very important for the SNR to recognize extraction of the instrument after use as early as possible. From this viewpoint, we compared the two algorithms.
Image analysis of video movies was used to compare the two algorithms. We simultaneously shot an RFID control unit (Fig. 3) and a display of a PC containing the two application programs at 30 frames / sec with a digital video camera. The moment when a red lamp of the RFID control unit, which was connected to a trocar cannula with the target RFID antenna, was turned on was regarded as the moment when the RF communication terminated. Then, the moment when the PC screen displayed the word "OUT" was regarded as the moment when each program detected extraction of the instrument. The time difference between the two moments was measured by analyzing the video movies with the software Adobe Premiere ® .
We found that the 'composite' algorithm judged extraction of an instrument 0.51 sec slower than the 'basic' algorithm did (Table VI) . The 0.51-second delay was significantly large from the viewpoint of SNR's real-time responsiveness although this delay was influenced by several factors other than the definition of extraction: the speed of a surgeon's drawing the instrument, the position of RFID tag attached to the shaft of instrument and the position of the photosensor (inlet of a trocar cannula in this experiment). 
Method of Detecting Conclusive Proof of Use of Electric Knife
This is the other hardware-based solution. As the conclusive proof of use of electric knife, we paid an attention to highfrequency alternating electric currents which flowed through a patient's body to a grounding pad (indifferent electrode) attached to the body and which went through the cable of grounding pad back to a generator for electric knife when an electric knife is switched on. If we can detect presence of the electric currents or events directly associated with their presence, we can tell when the electric knife is switched on, and therefore can determine whether termination of RFID communication is caused by electromagnetic interference or not. This method may theoretically realize a true real-time acquisition system. We propose in this paper the following approach to detect conclusive proof of use of electric knife.
Electromotive Force Induced by High-frequency Alternating Electric Currents
We developed a device to utilize electromotive force generated in a coil placed under the cable of a grounding pad when electric currents flow through the cable (Fig. 6,  7) . The electromotive force is first smoothed by use of bridge diodes and ceramic capacitor, and then the smoothed voltage can switch on a transistor when it is larger than about 0.6 V, which is the minimal voltage ensuring switch-on. The switching is confirmed on a PC screen through a digital input/output module (DIO) (Fig. 7) .
Optimal Values for Number of Turns in Coil, Resistance and Capacitance
In preliminary study, we made a 200-turn coil using a copper wire of 0.2 mm in diameter. The core diameter and length of the coil were 21 mm and 50 mm, respectively. Using this coil and a 100-kΩ resistor (R1 in Fig. 7) , we found that a ceramic capacitor with a capacitance of 0.1 μF (C1) was suitable because the rise time (time required for a signal to change from 10% to 90% of its highest value) of the smoothed electromotive force was around 5 msec, whereas the rise time for a 1-μF capacitor was about 60 msec.
Then, using a combination of the 200-turn coil and the 0.1-μF capacitor, we examined which was the optimal value for resistance (R1) among 16 k, 32 k, 48 k, 64 k, 80 k, 96 k, and 100 kΩ. Consequently, we concluded that a 64 kΩ resistor was the most suitable for this device because the lowest electromotive force, which was obtained at the lowest output power in the "coagulation" mode, surpassed well the minimal voltage of 0.6 V to ensure switch-on of the transistor.
Then, like the 200-turn coil, we made 250-and 300-turn coils. We compared them, but could not find any significant difference. Next, we compared three capacitances of 0.1, 1, and 10 μF under the condition of the 200-turn coil, the 64 kΩ resistor (R1) and the lowest output power (output dial of 1 in Load resistance: 500 Ω, Coagula: Coagulation mode
From the viewpoint of real-time responsiveness, we concluded that the capacitor with a capacitance of 0.1 μF was the best (Table IV) . 
Evaluation Experiment 1
The smoothed electromotive forces were repeatedly measured at each output dial from 1 to 10 (Table III) in both "cutting" and "coagulation" modes under a combination of the 200-turn coil, the 64-kΩ resistor, and the 0.1-μF capacitor.
The smoothed electromotive forces (average ± SD) at each output dial were plotted in Fig. 8 . All the values of electromotive force were well beyond the minimal voltage of 0.6 V to switch the transistor on.
Evaluation Experiment 2
We examined whether this system detected the use of electric knife correctly by confirming on a PC display through DIO that the transistor was switched on (Fig. 9 ).
All the output dials in the "cutting" mode lead to complete correct detection (Table V ). In the "blend" mode, which is most frequently used in the clinical settings, the use of electric knife was detected completely in all the blend dials and all the output dials ( Table V) . The use of electric knife in the "coagulation" mode, in which the output powers tend to be small, was also detected completely. 
Discussions on Real-time Responsiveness
The rise time for the capacitance of 0.1 μF was 5.07 ± 0.28 msec (Table IV) . This value was obtained at the output dial 1 (lowest power output) in the "coagulation" mode. According to Fig. 8 , the electromotive force in this case was 1.42 V. Since 5 msec was required for the electromotive force to change from 0.14 V (10% of 1.42 V) to 1.28 V (90% of 1.42 V), it will take about 2 msec to exceed the 0.6 V to switch the transistor on. This value can be considered as real-time. 
Algorithm for Acquisition System Using Induced Electromotive Force
This algorithm is as follows. The 'basic' algorithm is used to identify instruments and also to obtain the clock times of insertion and extraction. And the simple version of RFID system (using the basic algorithm) should be inactivated, or the signals from the RFID system should be ignored, while the above-mentioned device is detecting the use of electric knife. There might be concerns that this algorithm overlooks exchange of instruments during the use of electric knife. However, an operating surgeon pays his all attentions to manipulation of electric knife because the electric knife is used to stop bleeding and also to divide a target organ from the surrounding tissue. Therefore, other instruments are not, or should not be, inserted or extracted while the electric knife is being used. Otherwise, the action of exchanging instruments can make the operating surgeon injure organs or tissues in the operative field unintentionally. In addition, the electric knife itself is never being inserted into or drawn out of a trocar cannula while it is being switched on. From these reasons, we think that disregard of signals from the simple version of RFID system (using the basic algorithm) during use of electric knife will not result in overlook of any exchange of instruments.
CONCLUSIONS
We proposed and compared two methods which prevent the simple version (using 'basic' algorithm) of automatic acquisition system of surgical-instrument information from recognizing timing of inserting and drawing instruments falsely and incorrectly when an electric knife is used. We concluded that the method of detecting conclusive proof of use of electric knife was superior in real-time responsiveness to that of detecting occupancy of a trocar cannula.
